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STUDY O F  A SMALL SOLAR PROBE 

(Sunblazer) 

. T h i s  r e p o r t  i s  intended to  summarize the work done dufing 

t h e  pe r iod  June 1964 t o  June 1965 on t h e  Sunblazer p r o j e c t .  

I. P r i n c i p a l  Objec t ives  of The Study 

The c e n t r a l  purpose of t h e  s tudy w a s  t o  determine t h e  f e a s i -  

b i l i t y  of measuring t h e  e l e c t r o n  d e n s i t y  and o t h e r  f e a t u r e s  of  

t h e  s o l a r  corona us ing  a rad io  propagation method based on t h e  

observa t ion  of coherent  multifrequency t ransmiss ions  from a small  

h e l i o c e n t r i c  o r b i t i n g  s a t e l l i t e  which achieves s u p e r i o r  conjunc- 

t i o n  i n  one year. T h e  s tudy was t o  determine, from p l a u s i b l e  

models of t he  coronal  dens i ty  and s t r u c t u r e ,  what t h e  e f f e c t  would 

be on s i g n a l s  propagated through t h e  corona, on pa ths  d isp laced  by 

varying amounts from t h e  photosphere. T h e  q u a n t i t i e s  t o  be cal- 

c u l a t e d  included the  r e l a t i v e  delay,  t h e  expected v a r i a t i o n s  i n  

angle  of a r r i v a l  of  t h e  s i g n a l s  a t  a t e r r e s t r i a l  antenna, t h e  

r o t a t i o n  of  t h e  plane of po la r i za t ion ,  and any absorp t ion  o r  

a t t e n u a t i o n  e f f e c t s .  Conversely, having computed these observables ,  

t h e  e x t e n t  t o  which t h e i r  measurements might  r evea l  i n t e r e s t i n g  

p r o p e r t i e s  of t h e  corona was t o  be examined. While t h e  major 

s c i e n t i f i c  o b j e c t i v e s  w e r e  (a)  the  determinat ion of t h e  coronal  

e l e c t r o n  d e n s i t y  p r o f i l e  i n  t h e  range f r o m  t h r e e  s o l a r  r a d i i  t o  

100  solar  r a d i i ,  it w a s  a l s o  hoped t h a t  (b) Faraday r o t a t i o n  

measurements or  d i r e c t  observat ions of ordinary-extraordinary 
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mode propagation would revea l  s o m e  of t h e  g ross  f e a t u r e s  of t h e  

sun's genera l  magnetic f i e l d ,  and (c) t h a t  t h e  simultaneous 

observa t ions  of the angle  of a r r i v a l  f l u c t u a t i o n  and pa th  length  

o r  delay f l u c t u a t i o n s ,  made p o s s i b l e  by employing coherent  t r a n s -  

missions,  would lead t o  a unique determinat ion of t h e  scale s i z e  

of t h e  dens i ty  f l u c t u a t i o n s  i n  t h e  inne r  corona. 

Associated wi th  t h e s e  s c i e n t i f i c  i n v e s t i g a t i o n s  was t h e  

design of the s o l a r  o r b i t i n g  s p a c e c r a f t  and its payload. 

o b j e c t i v e  w a s  t o  make t h e  spacec ra f t  a s i m p l e  one conta in ing  

l i t t l e  more than a power supply, a multifrequency t r a n s m i t t e r ,  

and omni-direct ional  antennas. It was be l ieved  t h a t  t he  func- 

t i o n a l  s i m p l i c i t y  of the  spacec ra f t  would l ead  t o  a very low 

weight  ( t e n  pounds w a s  our  design objective) such t h a t  r e l a t i v e l y  

low-cost. launch v e h i c l e s  could boost  t h e  s p a c e c r a f t  t o  t h e  neces- 

s a r y  high (about 40 ,000  feet per  second) launch v e l o c i t i e s .  The 

f u r t h e r  hope was t h a t  an unguided launch veh ic l e  could be employed 

i n  v i e w  of t h e  w i d e  v a r i a t i o n  (+ 2 0 ° )  i n  o r i e n t a t i o n  t h a t  t h e  

v e h i c l e ' s  excess  v e l o c i t y  vec tor  may have a f t e r  t e r res t r ia l  escape 

and s t i l l  be i n j e c t e d  i n t o  a u s e f u l  h e l i o c e n t r i c  o r b i t .  It w a s  

be l ieved  t h a t  the use of both l ight-weight  s p a c e c r a f t  and unguided 

so l id -p rope l l an t  launch vehic les  would make it economically 

a t t r a c t i v e  t o  launch s e v e r a l  such s p a c e c r a f t  per  yea r  s o  t h a t  

sys temat ic  measurements of t h e  coronal  e l e c t r o n  dens i ty  p r o f i l e ,  

which i s  known t o  f l u c t u a t e  markedly w i t h  s o l a r  a c t i v i t y ,  could 

be made. 

T h e  

- 



11. P r i n c i p a l  Conclusions 

For reasonable models [Baumbach, 1937; vmde Hul s t ,  1950; 

Erickson, 1964; Brandt, 19641 of t h e  e l e c t r o n  dens i ty  d i s t r i b u t i o n  

i n  t h e  corona, t h e  re la t ive delay between s i g n a l s  t r a n s m i t t e d  on 

f requencies  of 1 0 0  and 300 MC on very long ( >  2 A . U . )  paths  d i s -  

p laced  from t h e  s o l a r  center f r o m  t w o  solar  r a d i i  t o  1 0 0  s o l a r  

r a d i i  varies from 'L 1 0 0  m s  (lo1* e l e c t r o n s  per  c m 2 )  t o  300 ps 

( 2  x 1015 electrons/cm2) and a r e  r e a d i l y  measurable. The accuracy 

of t h e  measurement may be of t h e  o r d e r  of 20 us e l e c t r o n s  

p e r  c m 2 )  o r  better, and the unce r t a in ty  produced by t h e  ear th 's  

ionosphere is  about 1 vs (lo1 electrons/cm2) . Analyses i n d i c a t e  

t h a t  t h e  d e n s i t i e s  between 40 t o  1 0 0  ro would be measured as 

averages over  a two-month period; t h e  d e n s i t i e s  i n  t he  i n t e r v a l  

between 1 0  t o  4 0  solar r a d i i  would r e p r e s e n t  12-day averages;  and 

fo r  t h e  i n t e r v a l  between 2 t o  1 0  ro, the  averaging would be over  

t h e  three-day per iod j u s t  p r i o r  t o  s u p e r i o r  conjunction. Given 

s u f f i c i e n t  s a t e l l i t e  l i fe t ime,  t h e  measurements may be repea ted  

i n  t h e  t i m e  per iod  beyond conjunction. 

The most d e s i r a b l e  h e l i o c e n t r i c  o r b i t  t o  employ i s  one w i t h  

p e r i h e l i o n  a t  0.53 A.U.  and a s i d e r e a l  per iod  of 0.667 yea r s  

[Harrington, 19641. T h i s  permits conjunct ion t o  occur  i n  one 

year  on t h e  l i n e  of apses and gives a m i r r o r  symmetry of t h e  

t ransmiss ion  pa th  be fo re  and a f t e r  conjunction. The measurement 

of t h e  angular  s c i n t i l l a t i o n  and f l u c t u a t i o n  i n  t i m e  of a r r i v a l  

of s i g n a l s  on t h e  1 0 0  MC carrier o f f e r s  a good p o s s i b i l i t y  f o r  

uniquely determining t h e  s c a l e  s i z e  of t h e  s c a t t e r i n g  inhomogene- 
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i t ies  when t h e  pa th  i s  displaced by a few solar  r a d i i  from t h e  

photosphere. I n  t h i s  region, t h e  s c i n t i l l a t i o n  spectrum w i l l  

have a width of f r o m  s i x  t o  18 minutes of arc, and t h e  corres- 

ponding f l u c t u a t i o n s  i n  s igna l  t i m e  of a r r i v a l  would be of t h e  

o r d e r  of 25 t o  75 ~. ls  and should be observable.  

Pulse  s p l i t t i n g  produced by ordinary-extraordinary mode 

propagation o f f e r s  t h e  b e s t  opportuni ty  t o  make q u a n t i t a t i v e  

measurements of t h e  genera l  magnetic f i e l d  of t h e  sun. For one 

very elementary model of t h e  gene ra l  magnetic f i e l d ,  it w a s  

concluded t h a t  t h e  magnetoionic e f f e c t s  produced by t h e  corona 

w i l l  n o t  dominate those  produced by t h e  terrestrial  ionosphere 

u n t i l  t h e  path displacement is less than 1 0  s o l a r  r a d i i .  While 

d e t a i l e d  information on t h e  genera l  s o l a r  f i e l d  i s  n o t  l i k e l y  t o  

be obtained from Faraday r o t a t i o n  and p u l s e - s p l i t t i n g  observa t ions ,  

r a t h e r  u s e f u l  information on t h e  gross  f e a t u r e s  of t h e  gene ra l  

magnetic f i e l d  i n  t h e  i n n e r  corona (r@ < 1 0 )  w i l l  be obtained.  

The f e a s i b i l i t y  of designing a s p a c e c r a f t  conta in ing  wi th in  

t h e  s t r i n g e n t  weight l i m i t a t i o n s  t h e  necessary power supply,  

t r a n s m i t t e r s ,  and antennas has been demonstrated by t h e  construc-  

t i o n  of a f u l l - s i z e  working model. The s p a c e c r a f t  i s  designed 

t o  be r a d i a l l y  s t a b i l i z e d  by s o l a r  r a d i a t i o n  p res su re ,  employs 

a s o l a r  ce l l  a r r a y  t o  provide 1 2  w a t t s  of power a t  1 A . U .  and 

30 w a t t s  a t  0.5 A . U . ,  has t r ansmi t t e r s  capable of d e l i v e r i n g  500 

wa t t s  of peak power a t  1 0 0  and 300 MC, does n o t  r e q u i r e  any a c t i v e  

temperature c o n t r o l  even a t  0.5 A . U . ,  has  no e r e c t a b l e  booms o r  

s t r u c t u r e s  except  f o r  simple whip antennas,  and weighs a t o t a l  

of 13.8 pounds. 



111. Radio Propagation Experiments 

A. The Elec t ron  Density i n  t h e  S o l a r  Corona 

The f i r s t  q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  e l e c t r o n  d e n s i t y  

p r o f i l e  i n  t h e  s o l a r  corona comes from t h e  work of Baumbach 119371 

who determined an average e l ec t ron  d e n s i t y  p r o f i l e  from a s tudy  of 

t h e  b r igh tness  d i s t r i b u t i o n  i n  t h e  corona as observed a t  t h e  t i m e  

of a s o l a r  ec l ip se .  

mechanism whereby white  l i g h t  i s  s c a t t e r e d  from t h e  f r e e  e l e c t r o n s  

i n  t h e  corona. 

[1947] and van de Hu l s t  119501 t o  ob ta in  t h e  well-known Allen- 

Baumbach r e l a t i o n :  

The method depends upon a knowledge of t h e  

Baumbach's r e s u l t s  w e r e  f u r t h e r  improved by Allen 

= 108 1.55 2.99 1 7  + T I  e l ec t rons / cc  

where r is  i n  s o l a r  r a d i i .  

d e s c r i p t i o n  of t h e  average coronal e l e c t r o n  d e n s i t y  near  solar  

maximum. 

o u t  t o  a few s o l a r  r a d i i ,  t h e  l i g h t - s c a t t e r i n g  method can only 

reveal t h e  e l e c t r o n  dens i ty  d i s t r i b u t i o n  f o r  ro < 5. 

This expression provides  a good 

Since t h e  coronal  b r igh tness  i s  only r e a d i l y  measurable 

An o c c u l t a t i o n  method h a s  c o m e  i n t o  use over  t h e  p a s t  decade 

which e s t a b l i s h e s  t h e  ex i s t ence  of apprec iab le  e l e c t r o n  d e n s i t i e s  

o u t  t o  50 solar r a d i i  and, i n  one in s t ance ,  a s  f a r  as 100  solar  

r a d i i .  

t i o n  of r a d i o  

[Vitkevich,l959; Hewish, 1955, 1958, 1963;  S l ee ,  1961;  HOgbom, 

1 9 6 0 ;  Erickson, 19643.  From t h e  amount of angular  s c a t t e r i n g  as 

measured by very narrow-beam in t e r f e romete r s  ope ra t ing  a t  m e t r i c  

The method has been widely used and involves  t h e  observa- 

s t a r s  a s  they a r e  occu l t ed  by t h e  s o l a r  corona 
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wavelengths, i n d i r e c t  information on t h e  coronal  e l e c t r o n  den- 

si t ies can be determined. T h e  method is i n d i r e c t  i n  t h e  sense  

t h a t  the measured s c i n t i l l a t i o n  determines only t h e  r a t i o  of t h e  

rms dens i ty  f l u c t u a t i o n  t o  t h e  scale s i z e  of the s c a t t e r i n g  

inhomogeneities [Hewish, 1955; Fejer, 1953, Chandrasekar, 19521 

so t h a t  a unique measurement of i n t e r p l a n e t a r y  e l e c t r o n  d e n s i t y  

is  n o t  poss ib le .  By assuming a l i n e a r  r e l a t i o n s h i p  between t h e  

d e n s i t y  f l u c t u a t i o n s  and the  average dens i ty ,  t h e  v a r i a t i o n  of 

average d e n s i t y  w i t h  d i s tance  f r o m  the  sun can be i n f e r r e d  

[HOgbom, 1960; Erickson, 19641 .  

A t h i r d  method for  determining i n t e r p l a n e t a r y  par t ic le  

d e n s i t i e s  and t h e  f i r s t  d i r e c t  method has been made poss ib l e  with 

instruments  aboard i n t e r p l a n e t a r y  probes. D i r e c t  measurements 

of t h e  i n t e r p l a n e t a r y  plasma [Bridge, 19641 have given accu ra t e  

d a t a  b u t  only i n  

d e n s i t i e s  of t he  order  of 1 0  e l ec t rons / cc  have been observed. 

t he  v i c i n i t y  of the  e a r t h  fo r  re = 215 where 

Thus t h e  s i t u a t i o n  as fa r  as one of t he  fundamental quant i -  

t ies i n  t h e  extended corona is concerned is  somewhat unse t t l ed .  

Except f o r  t h e  few d i r e c t  measurements made a t  200 s o l a r  r a d i i ,  

a l l  of t h e  other measurements a r e  i n d i r e c t ,  and of t h e s e  only t h e  

measurements w i th in  f i v e  s o l a r  rad i i  are unambiguous and reliable. 

There is  a gap f r o m  f i v e  t o  50 s o l a r  r a d i i  only p a r t i a l l y  explored 

by r a d i o  wave-scattering measurements and a g r e a t  gap from 50 

t o  200 s o l a r  r a d i i  i n  which almost no d a t a  e x i s t .  A method which 

w i l l  g ive  a continuous p r o f i l e  from three s o l a r  r a d i i  ou t  t o  1 0 0  

s o l a r  r a d i i  would fill a need and i t s  use becomes a t t r a c t i v e .  The 
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method i s  based on observing t h e  delay of s i g n a l s  t r a n s m i t t e d  on 

several frequencies  from a s o l a r  o r b i t i n g  s p a c e c r a f t  t o  a terres- 

t r i a l  rece iver .  The  d i f f e r e n t i a l  delay between s i g n a l s  on t h e  

s e p a r a t e  carriers provides  a d i r e c t  measure of the  i n t e g r a t e d  

e l e c t r o n  d e n s i t i e s  along the  t ransmission pa ths .  The observa t ion  

of t h e  columnar d e n s i t i e s  on a l a r g e  number of pa ths  p e n e t r a t i n g  

more deeply i n t o  t h e  corona near  o c c u l t a t i o n  then  permits  the  

r a d i a l  e l e c t r o n  dens i ty  d i s t r i b u t i o n  t o  be computed. 

There i s  cons iderable  evidence [Brandt, 1965; Erickson, 19641 

t h a t  t h e  coronal  e l e c t r o n  densi ty  p r o f i l e  f l u c t u a t e s  markedly 

w i t h  t h e  a c t i v i t y  of t he  s u n  with t h e  d e n s i t i e s  i n  t h e  o u t e r  

reg ions  a t  solar  maximum g r e a t e r  by a f a c t o r  of 1 0  o r  m o r e  t han  

t h e  d e n s i t i e s  a t  s o l a r  minimum. S imi l a r ly ,  e l e c t r o n  d e n s i t i e s  i n  

coronal  streamers o r  i n  regions of t he  corona above f l a r e s  can be 

an o r d e r  of magnitude g r e a t e r  than t h e  Allen-Baumbach d e n s i t i e s  

i n  t h e  lower corona [Yild,  19591. For a n a l y s i s  purposes through- 

ou t  the study,  t he  Allen-Baumbach expression was used, augmented 

by an inve r se  second power term which fits the d a t a  measured by 

d i r e c t  probe a t  one A.U. I n  t h e  reg ion  beyond 1.5 solar  r a d i i ,  

t h e  inve r se  16th  power term i n  t h e  Allen-Baumbach express ion  may 

be neglec ted ,  g iv ing  a simple expression f o r  t h e  average e l e c t r o n  

dens i ty  i n  t h e  extended corona of :  
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- path o f f s e t  

FIGURE 1. Transmission path  through corona 
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This  is t h e  expression used f o r  t h e  delay c a l c u l a t i o n s  of  Figures  

4 and 5 and probably l eads  t o  e s t ima tes  f o r  de lay  t h a t  are median 

e s t ima tes .  A t  t i m e s  of  g r e a t e r  s o l a r  a c t i v i t y ,  t h e  d e n s i t i e s  and 

de lays  may be an o rde r  of magnitude l a r g e r .  

B. Analy t ica l  Relat ions between Columnar and Radial  Dens i t i e s  

The r e l a t i v e  delay of  s i g n a l s  propagated along an i n f i n i t e  

pa th  d i sp laced  from t h e  s o l a r  c e n t e r  by a d i s t a n c e  p (Figure 1) 

measures t h e  columnar d e n s i t i e s  or t h e  t o t a l  number of e l e c t r o n s  

contained i n  a u n i t  cross sec t ion  i n t e g r a t e d  along t h e  e n t i r e  path.  

I f  t h e  e l e c t r o n  dens i ty  i s  a func t ion  only of t h e  r a d i a l  d i s t a n c e  

from t h e  sun, i .e. t h e  e l e c t r o n  dens i ty  e x h i b i t s  c y l i n d r i c a l  sym- 

metry i n  t h e  p lane  containing t h e  t ransmission pa th  and t h e  so la r  

c e n t e r ,  which i n  ou r  case would normally be t h e  p lane  of t h e  

e c l i p t i c ,  then  t h e  columnar and r a d i a l  d e n s i t i e s  are r e l a t e d  by 

t h e  simple i n t e g r a l :  

- m  -m 

where lower case d i s t ances  have been normalized wi th  r e s p e c t  t o  

t h e  s o l a r  r ad ius ,  Ro. 

i n  terms of r and p ,  s i n c e  r2 = s 2  + p 2  , w e  f ind :  

By expressing t h e  d i s t a n c e s  along t h e  pa th  

N ( r )  r d r  141 

'P 
This is an Abel i n t e g r a l  equat ion,  and s i m i l a r  equat ions  occur  

[Baumbach, 1937; van de H u l s t ,  19501 i n  t h e  c a l c u l a t i o n  of t h e  
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i n t e n s i t y  of v i s i b l e  l i g h t  s c a t t e r e d  from t h e  coronal  electrons. 

For tuna te ly ,  t h e  equat ion has a unique s o l u t i o n  such t h a t :  

I n  mathematical terms N (r) and T ( p )  are Abel t ransforms o f  one 

another.  A measurement of one determines t h e  o t h e r ,  and vice 

versa. Thus, i f  T ( p )  can be determined over  some range of pa th  

displacements,  t h e  r a d i a l  d e n s i t i e s  can be uniquely determined 

over  t h e  same range wi th in  l i m i t s  imposed by t h e  assumptions of 

c y l i n d r i c a l  symmetry. When N ( r )  i s  expressed a s  a polynomial i n  

inve r se  powers of (r)  a s  the  phys ica l  s i t u a t i o n  sugges t s ,  then  

a corresponding polynomial f o r  T ( p )  is obta ined  having t h e  very 

u s e f u l  proper ty  t h a t  i ts  c o e f f i c i e n t s  a r e  related t o  t h e  ak by 

a cons t an t  m u l t i p l i e r .  Given t h a t :  

then  : 

[61  

71 

3.rr and t h e  remainder where c g  = I T ,  c3 = 2 ,  c 4  = 2, c5 = 3, c 6  = - 8 ,  

can be c a l c u l a t e d  from t h e  generat ing func t ion:  

IT 4 

For 
108 106 
r r 

N ( r )  = -6 + 7 electrons/cm3 

81 
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then  t h e  corresponding expression f o r  t h e  columnar d e n s i t y  is: 

3 A  - 108 

P 5  
8 + g61 R electrons/cm2 

P 0 
T ( P )  = 

C. O r b i t a l  Considerations 

The s e l e c t i o n  of a h e l i o c e n t r i c  o r b i t  f o r  t h e  de lay  exper- 

iment i s  determined by t h e  desire t o  make t h e  time t o  s u p e r i o r  

conjunct ion as s h o r t  as poss ib l e  c o n s i s t e n t  wi th  t h e  requirement 

t h a t  t h e  path te rmina l  should be w e l l  o u t s i d e  t h e  dense regions 

of t h e  corona and c o n s i s t e n t  wi th  p r a c t i c a l  l i m i t a t i o n s  imposed 

by t h e  burnout velocit ies achievable with reasonable  launch 

v e h i c l e s  ( s h o r t e r  t i m e s  t o  conjunction w i l l  be  achieved wi th  t h e  

h igher  launch v e l o c i t i e s ,  but p e r i h e l i o n  w i l l  be c l o s e r  t o  t h e  

sun ) .  An a d d i t i o n a l  f a c t o r  is t h e  d e s i r e  t o  o b t a i n  symmetry i n  

t h e  t ransmiss ion  path geometry before  and a f t e r  conjunct ion so 

t h a t  two c l o s e l y  spaced oppor tun i t i e s  t o  make t h e  same delay  

measurements w i l l  be afforded pe r  launch. 

In  an earlier s tudy [Harrington, 19641 it w a s  shown t h a t  

t h e  condi t ion  f o r  symmetry is m e t  when conjunct ion f a l l s  on t h e  

l i n e  of apses of t h e  sa te l l i t e ' s  o r b i t .  A number of launch pos- 

s i b i l i t i e s  e x i s t  f o r  achieving t h i s  (Table I ) .  

The second of t h e s e ,  which permits  conjunct ion t o  occur  i n  

one year  with t h e  s a t e l l i t e  a t  0.53 A.U. p e r i h e l i o n  and r e q u i r i n g  

a launch v e l o c i t y  of 39.4 Kft p e r  second, i s  be l i eved  t o  be t h e  
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m o s t  d e s i r a b l e  o r b i t  t o  employ. The e a r t h - s a t e l l i t e  t ransmiss ion  

pa th  geometry i s  i l l u s t r a t e d  i n  Figure 2. I t  is  evident  t h a t  i n  

t h e  f irst  half-per iod of the s a t e l l i t e  t h e  d i r e c t i o n  of t h e  t r ans -  

mission path is f ixed  approximately r a d i a l l y  a s  t h e  pa th  length  

i n c r e a s e s  t o  about one A.U.  I n  t h e  second half-per iod,  t h e  l eng th  

i s  r e l a t i v e l y  f ixed  and t h e  pa th  simply rotates about t h e  sun as 

t h e  s a t e l l i t e ' s  angular  ve loc i ty  and t h e  e a r t h ' s  angular  v e l o c i t y  

become comparable. F i n a l l y ,  i n  t h e  t h i r d  ha l f -per iod  a s  t h e  

s a t e l l i t e  passes  f o r  t h e  second t i m e  through p e r i h e l i o n ,  t h e  path 

length  remains f i x e d  b u t  the  displacement from t h e  s o l a r  c e n t e r  

i s  reduced t o  zero  as conjunction occurs.  The v a r i a t i o n  of pa th  

l eng th  and displacement w i t h  t i m e  i s  b e t t e r  i l l u s t r a t e d  i n  Figure 

3 where t h e  t h r e e  regions as w e l l  as t h e  symmetry be fo re  and 

af ter  conjunct ion are q u i t e  ev ident .  

I n  region 1 where t h e  path length  i s  growing i n  an approxi- 

mately r a d i a l  d i r e c t i o n ,  t he  inc reas ing  de lays  can be  a t t r i b u t e d  

t o  t h e  e l e c t r o n s  being added a t  t h e  extremity of t h e  pa th ,  and 

e s t ima tes  of t h e  i n t e r p l a n e t a r y  e l e c t r o n  d e n s i t i e s  i n  t h e  region 

from 0.5  A.U. t o  1 .0  A.U. may be obtained. 

I n  region 2 where both t h e  displacement and t h e  pa th  length  

are f i x e d  b u t  t h e  angular  pos i t i on  of t h e  pa th  i s  changing by 

more than  l o o o ,  oppor tun i t i e s  ex i s t  f o r  measuring t h e  e x t e n t  t o  

which t h e  e l e c t r o n  dens i ty  d i s t r i b u t i o n  i n  t h e  e c l i p t i c  e x h i b i t s  

c y l i n d r i c a l  symmetry. Observations of delay for  f i x e d  pa th  l eng th  

and f i x e d  displacement may be made over t h r e e  s o l a r  r o t a t i o n s .  



- 20 - 

I n  region 3,  which i s  perhaps the  m o s t  important f o r  o u r  

purposes,  t h e  path length  i s  f i x e d  a t  roughly 1.5 A.U. and the  

displacement decreases  monotonically from 0.5 A.U. t o  zero  over 

a two-month period. The r e l a t i v e  delay (Figure 4 )  i s  f i x e d  a t  

300 m s  u n t i l  approximately t w o  months before  conjunct ion and 

then  increased  r ap id ly  t o  20 1.1s o r  more one day p r i o r  t o  conjunc- 

t i o n .  The r a p i d i t y  w i t h  which condi t ions  change j u s t  before  

conjunct ion is  ind ica t ed  by t h e  expanded p l o t s  i n  Figure 5. In  

t h e  s i x  days before conjunction the pa th  displacement i s  r a p i d l y  

decreasing from about 1 5  s o l a r  r a d i i ,  and s c i n t i l l a t i o n  and 

r e f r a c t i v e  effects are increas ing  r a p i d l y  and are becoming 

measurable. Magnetoionic e f f e c t s  should begin t o  be observed 

i n  t h i s  t i m e  period. I t  i s  clear t h a t  the s i x  days be fo re  and 

a f t e r  conjunct ion w i l l  be a very c r i t i c a l  pe r iod  i n  t h e  r a d i o  

propagation experiment. The earth-probe range r a t e  from which 

t h e  expected Doppler frequency can be determined and t h e  angle  

between t h e  probe ea r th - l ine  and probe sun- l ine  which has some 

bear ing  on t h e  p o s s i b i l i t y  of using d i r e c t i v e  antennas on t h e  

probe, have a l s o  been ca l cu la t ed  (F igures  6, 7 ) .  

These same c a l c u l a t i o n s  w e r e  repea ted  f o r  a direct i n j e c t i o n  

launch such t h a t  t h e  e a r t h ' s  o r b i t a l  v e l o c i t y  i s  augmented by 

t h e  sa te l l i t e  excess-velocity vector and t h e  sa te l l i t e  t r a v e l s  

i n  an a n t i s o l a r  d i r e c t i o n  i n  an o r b i t  having aphel ion a t  approx- 

imately 2 A.U. I n t e r e s t i n g l y  enough, f o r  the  same launch v e l o c i t y ,  

conjunct ion i s  achieved i n  t h e  same one-year per iod  (F igure  8 )  

b u t  without  producing a l t e r n a t e  reg ions  of  cons t an t  pa th  length  
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and cons tan t  displacement (Figures 9 ,  1 0 ,  11) as i n  t h e  retro- 

grade  i n j e c t i o n  case. The path has a maximum length  of 3 . 2  A.U. 

so t h a t  more power i s  required f o r  t r a n s m i s s i o n .  I t  does no t  

appear t o  be an a t t r a c t i v e  o r b i t  t o  use t o  s tudy t h e  region 

between t h r e e  and 1 0 0  s o l a r  r a d i i ,  b u t  f o r  s tudying t h e  i n t e r -  

p l ane ta ry  reg ions  beyond 0.5 A.U. t h i s  o r b i t  has very g r e a t  

a t t r a c t i o n s  and might be an  appropr i a t e  f u t u r e  Sunblazer mission. 

D. Coronal S c a t t e r i n g  

Radio waves propagating through a t u r b u l e n t  r e f r a c t i v e  

medium are s c a t t e r e d  i n  angle about t h e  median ray. The t o t a l  

energy i s  cons t an t  bu t  d i s t r i b u t e d  i n  angle  i n  accordance with 

t h e  law: 

-(- + 2  1 
P(44 = E +O 

[Chandrasekar, 1952; Fejer, 19543 

width of  t h e  angular  s c i n t i l l a t i o n  spectrum and f o r  ray  pa ths  

through t h e  s o l a r  corona has been shown t o  fol low t h e  l a w :  

+, is  a measure of t h e  ha l f -  

- K h 2  
+o - - n r 

[Hewish, 1963; Erickson, 1 9 6 4 ;  Hbgbom, 19601 where r i s  t h e  

displacement of t h e  pa th  i n  solar  r a d i i  from t h e  solar c e n t e r ,  

and X is  t h e  wavelength i n  meters. The A 2  dependence s e e m s  w e l l  

e s t a b l i s h e d  on t h e o r e t i c a l  grounds and i s  also confirmed experi-  

mentally.  O n  t h e  o t h e r  hand, t h e  magnitude of K and t h e  r- 

dependence have only been determined e m p i r i c a l l y  and vary s o m e -  

what between observers .  I n  a r e c e n t  summary Erickson f i n d s  
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t h a t  n = 2 and t h a t  K = SO where t h e  u n i t s  of 4o a r e  minutes of 

a r c .  An e a r l i e r  determination [Hewish, 1955, 19631 found t h a t  

1.3 < n < 2.2 and E( % 11. Since both K and n must depend on t h e  

magnitude and s c a l e  s i z e  of t h e  e l e c t r o n  dens i ty  f l u c t u a t i o n s  

i n  t h e  corona a t  t h e  t i m e  of measurement, it i s  n o t  s u r p r i s i n g  

t h a t  some v a r i a b i l i t y  i n  these c o e f f i c i e n t s  should be observed 

over  po r t ions  of  t h e  solar cyc le  and confirms t h e  d e s i r a b i l i t y  

f o r  observing t h e  coronal  d e n s i t i e s  a t  d i f f e r e n t  s t a g e s  of  s o l a r  

a c t i v i t y .  The r e f r a c t i o n  angle o r  mean angle  through which t h e  

ray  is  bent  has been computed f o r  var ious  e l e c t r o n  dens i ty  pro- 

f i l e s .  For a ray  through t h e  Allen-Baumbach corona, t h e  r e f r ac -  

t i v e  bending is: 

0 = 7  76x2 minutes of arc  1141 

S c i n t i l l a t i o n  and r e f r a c t i v e  e f f e c t s  f o r  a 100  MC wave 

propagated through t h e  corona have been ex t r apo la t ed  from t h e  

r e s u l t s  of Hewish [1963] (Figure 1 2 ) .  A t  1 0  s o l a r  r a d i i  t h e  

expected half-width s c i n t i l l a t i o n  i s  3' and t h e  r e f r a c t i o n  1'; 

a t  f ive  s o l a r  r a d i i  t h e  two q u a n t i t i e s  d i f f e r  only s l i g h t l y ,  a t  

6 '  and 4 '  r e spec t ive ly ;  and a t  2.5 s o l a r  r a d i i  t h e  r e f r a c t i o n  i s  

g r e a t e r ,  t h e  values  being 1 9 '  and 34 ' ,  r e spec t ive ly .  Thus a 

100  MC s igna l  received by a half-degree beamwidth antenna (D % 

1 , 0 0 0  f e e t )  would be a t tenuated  apprec iab ly  by s c a t t e r i n g  losses 

f o r  pa ths  wi th in  2 .5  s o l a r  r a d i i  of t h e  sun. A s  t h e  r a t i o  of 

t h e  mean square s c i n t i l l a t i o n  angle  t o  t h e  beam width approaches 
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unity, an increasing fraction of the transmitted wave is scat- 

tered out of the antenna beam pointed in a fixed direction. If 

one had an antenna such as a rapidly adjustable, phased array, 

capable of very rapid pointing, this effective attenuation could 

be reduced by tracking the instantaneous angle of arrival of the 

radiowave. This would be possible if the fluctuation times were 

long compared to the beam-pointing and signal-integration times. 

These scintillation fluctuation times have not yet been measured, 

but would appear to depend on the size and velocity distributions 

of the plasma clouds crossing the transmission path. 

If we assume a scale size in the 1,000 to 10,000 lcm range 

for the plasma fluctuations and an outwardly moving velocity in 

the 100 to 1,000 km per second range, crossing times of one to 

100 seconds are implied and suggest comparable fluctuation times 

in the angle of arrival of the ray on earth which rates are slow 

enough to be measurable. 

For a simple model in which the scattering is isotropic, 

Chandrasekar [1952] finds that: 

- - 
4; = 2L2/G [I51 

where L is the rms fluctuation in path length and E is the scale 

size or distance over which the plasma fluctuations are correlated. 

Unfortunately the isotropic model does not quite apply to scatter- 

ing in the corona. Evidence exists of anisotropic scattering 

produced by a filamentary distribution of plasma along generally 

radial magnetic field lines [Hewish, 1958; Hdgbom, 1960; Slee, 19611. 
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However, t o  t h e  e x t e n t  t h a t  t h e  model does apply t o  s c a t t e r i n g  

e i t h e r  along o r  orthogonal t o  the f i e l d  l i n e s ,  Eq. C151 impl ies  

t h a t  a simultaneous measurement of t h e  f l u c t u a t i o n  s p e c t r a  of 

angle  and t i m e  of a r r i v a l  permit a unique determinat ion o f  t h e  

scale of  tu rbulence  t o  be made i n  t h e  inne r  corona where essen- 

t i a l l y  a l l  of t h e  s c a t t e r i n g  i s  produced. For example, inhomo- 

g e n e i t i e s  1 , 0 0 0  t o  1 , 0 0 0  km i n  s i z e  w i l l  g ive  r ise t o  r e a d i l y  

measurable 1 0  t o  1 0 0  microsecond f l u c t u a t i o n s  i n  a r r i v a l  t i m e  f o r  

1 0 0  MC s i g n a l s  t r ansmi t t ed  on a path d isp laced  by two s o l a r  r a d i i  

f r o m  t h e  solar cen te r .  A t  1 0  s o l a r  r ad i i ,  t h e  corresponding 

f l u c t u a t i o n s  i n  t i m e  of a r r i v a l  vary f r o m  0 . 3  us t o  3 p s  and 

would be d i f f i c u l t  t o  measure using t h e  20 1.1s r e so lv ing  power 

p r e s e n t l y  planned for t h e  r ad io  propagation experiment. 

E. Masnetoionic Ef fec t s  

I t  is known t h a t  the p o l a r i z a t i o n  of a plane electromagnet ic  

wave, propagating through a plasma i n  t h e  presence o f  a magnetic 

f i e l d  having a component i n  t h e  d i r e c t i o n  of propagation, w i l l  

undergo a r o t a t i o n  given by: 

where ne is t h e  number of electrons/cm3 and B is f l u x  d e n s i t y  i n  

gauss. The r e l a t i o n s h i p  holds when t h e  t r ansmi t t ed  frequency is  

much g r e a t e r  than  either the  plasma frequency o r  t h e  e l e c t r o n  

cyc lo t ron  frequency of t h e  medium. B o t h  o f  these cond i t ions  o b t a i n  

f o r  f requencies  1 0 0  MC or  g r e a t e r  t r ansmi t t ed  through the  corona. 
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The Faraday r o t a t i o n  i s  one mani fes ta t ion  of  t h e  s l i g h t l y  d i f -  

f e r e n t  phase v e l o c i t i e s  possessed by t h e  r i g h t  and l e f t  hand 

c i r c u l a r l y  po la r i zed  components i n t o  which t h e  p lane  wave can 

be resolved. I f  t h e  number of r o t a t i o n s  i s  l a r g e  enough, t h e  

v e l o c i t y  d i f f e r e n c e s  can be observed as t h e  d i f f e r e n c e s  i n  t i m e  

of a r r i v a l  of t h e  same s igna l  propagated i n  t h e  ord inary  and 

ex t r ao rd ina ry  mode. 

t h e  Faraday r o t a t i o n  by the simple expression: 

This  d i f f e rence  t i m e ,  A.rOx, is  r e l a t e d  t o  

n s  dg - A #  = 2.39 l o 6  
A f 3  A T O X  - A f  

The Faraday r o t a t i o n  observat ion i n  s i t u a t i o n s  where e i t h e r  t h e  

e l e c t r o n  dens i ty  o r  t h e  magnetic f i e l d  conf igu ra t ion  i s  known 

provides  a s e n s i t i v e  means f o r  es t imat ing  t h e  missing v a r i a b l e ,  

b u t  t h e  ra te  must be s u f f i c i e n t l y  l o w  so t h a t  cyc le s  can be 

counted accu ra t e ly  over  t h e  per iod of t h e  observa t ions .  

I n  t h e  Sunblazer experiment where s h o r t  d a i l y  per iods  (hours) 

of observing time are contemplated over  t h e  l i f e t i m e  of t h e  exper- 

iment, it might be q u i t e  d i f f i c u l t  t o  count accu ra t e ly  t h e  r o t a t i o n  

cyc le s  un le s s  t h e  r o t a t i o n  r a t e s  w e r e  c o n s i s t e n t  enough from day 

t o  day t o  provide s o m e  con t inu i ty  t o  t h e  measurement. The pulse- 

s p l i t t i n g  measurement, on the o t h e r  hand, can o f f e r  unique i n f o r -  

mation i n  one observat ion and appears t o  r e p r e s e n t  a b e t t e r  tech-  

nique t o  employ f o r  t h e  observations of t h e  magnetoionic e f f e c t s  

i n  t h e  i n n e r  corona. One can de r ive  an expression f o r  t h e  expected 

Faraday r o t a t i o n  as a funct ion of pa th  displacement f o r  an assumed 
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g e n e r a l  magnetic f i e l d  conf igura t ion  i n  a manner s i m i l a r  t o  t h a t  

employed t o  e s t ima te  t h e  expected s i g n a l  delays.  Thus, fo r  t h e  

t o t a l  r o t a t i o n  along a semi - in f in i t e  t ransmission pa th ,  assuming 

t h a t  both t h e  e l e c t r o n  dens i ty  and t h e  genera l  f i e l d  i n  t h e  p lane  

of t h e  e c l i p t i c  (roughly the solar  e q u a t o r i a l  plane)  have cy l in -  

d r i c a l  symmetry, w e  can w r i t e :  
r m  

n ( r )  . BR (r)  r d r  

J r 2  - p  2 ! P 

2.34 lo6 A$ = 
f 2  

I f  B ( r )  i s  r e so lvab le  i n t o  r a d i a l  and t a n g e n t i a l  components, 

then  t h e  component of B along t h e  path is: 

d r  = B r ( r )  d r  + B e ( r )  P 
J p 2  - r 2  

Hence : 

where: 
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rm 
and 

' P  

As before ,  t h e s e  have Abel transforms, such t h a t :  

- d n - Br -- kl 
f 2  d p  *'r 
- 1251 

m 
r 

r 

For a symmetrical transmission pa th ,  Br is oppos i t e ly  d i r e c t e d  

on e i ther  s i d e  of t h e  po in t  of c l o s e s t  approach, so t h a t :  

m 1 = o  *'r 

- m  

[271 

1281 

To t h e  e x t e n t  t h a t  the genera l  f i e l d  of the  sun can be s a i d  

t o  have r a d i a l  and azimuthal components which are c y l i n d r i c a l l y  

symmetric, t h e  Sunblazer Faraday r o t a t i o n  measurement w i l l  pro- 

v ide  a measurement of t he  product of  t h e  e l e c t r o n  d e n s i t y  and 

t h e  azimuthal component of t h e  gene ra l  f i e l d  i n  t h e  reg ion  

3 < ro < 10. 

Since n ( r )  p r o f i l e  i s  independently measured i n  t h e  de lay  

experiment, an expression f o r  t h e  f i e l d  d i s t r i b u t i o n  Bo (r) can 
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* 

t hen  be uniquely determined provided, of course, t h a t  t h e  f luc -  

t u a t i o n s  of t h e  t o t a l  r o t a t i o n  a r e  s m a l l  and A +  can be considered 

a reasonably well-behaved function. The e x t e n t  t o  which one can 

p r e d i c t  A +  o r   AT^^ i s  dependent on t h e  a v a i l a b i l i t y  of good esti- 

m a t e s  f o r  t h e  gene ra l  magnetic f i e l d  of t h e  sun, 

Unfortunately,  rather spo t ty  d a t a  e x i s t  on t h i s  point .  The 

s i t u a t i o n  was r e c e n t l y  reviewed [Severny, 19641 ,  and it appears 

t h a t  t h e  na tu re  of t h e  general  s o l a r  f i e l d  s i n c e  i t s  i n i t i a l  

observa t ion  i n  1908 remains l a r g e l y  a mystery. The simple model 

suggested by t h e  observat ion of coronal  rays ,  t o  t h e  e f f e c t  t h a t  

t h e  gene ra l  f i e l d  i s  a dipole- l ike f i e l d  with poles  gene ra l ly  

a l igned  wi th  t h e  axis of r o t a t i o n  of t h e  sun and having a magni- 

tude  of a f e w  gauss a t  t h e  poles i n  t h e  photosphere, i s  s t i l l  

p l aus ib l e .  The p o l a r i t y  of t h e  f i e l d  appears t o  have reversed  

t h r e e  t i m e s  s i n c e  1930. Spectroscopic measurements made by 

observing t h e  Zeeman s p l i t t i n g  of emission l i n e s  i n d i c a t e  l o c a l i z e d  

f i e l d s  a t  sun s p o t s  as  high a s  several thousand gauss. 

The magnetic f i e l d  w e l l  away from t h e  photosphere may be 

expected t o  be a f i e l d  trapped wi th in  t h e  heav i ly  ion ized  plasma 

of t h e  solar  wind and is  expected t o  be p rogres s ive ly  more d i s -  

ordered a t  g r e a t e r  d i s t ances  from t h e  sun [Parket,  1961; Mustel, 

19641.  Recent measurements  by d i r e c t  probe show t h e  f i e l d  gen- 

e r a l l y  t o  f o l l o w  a s p i r a l  d i r e c t i o n  near  t h e  e a r t h  and t o  have 

a magnitude of t h e  o rde r  of gauss. 

Strong components orthogonal t o  t h e  e c l i p t i c  p lane  a r e  

observed as w e l l  as f i e l d  d i r e c t i o n s  poin ted  both i n t o  and away 
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from t h e  sun [ N e s s ,  1964, 19651. It is  d i f f i c u l t  i n  t h e  presence 

of a l l  t h e s e  fragmentary b i t s  of information t o  p o s t u l a t e  any 

s imple model for  t h e  general  s o l a r  f i e l d ,  bu t  i f  one e x i s t s  it 

seems l i k e l y  t h a t  i n  t h e  region wi th in  20 s o l a r  r a d i i  it i s  

gene ra l ly  r a d i a l  i n  d i r e c t i o n  as revea led  by Taurus o c c u l t a t i o n  

measurements and a s  determined by t h e  bulk v e l o c i t y  of t h e  s o l a r  

wind. It probably has  a value of from one t o  1 0  gauss a t  one 

so la r  r ad ius  and probably va r i e s  a s  - t o  t h e  e x t e n t  t h a t  t h e r e  

is  any apprec iab le  concentrat ion of t h e  s o l a r  plasma i n  t h e  

e c l i p t i c  plane [Parker ,  19641. 

r 2  

I f  t h e  f i e l d  i s  assumed t o  be  r a d i a l  and symmetrical w i th  

a magnitude descr ibed  by: 

HO H ( r )  = - 
r 2  

1291 

then  t h e  Faraday r o t a t i o n  produced on one s i d e  of t h e  pa th  b i -  

sector would be equal  and opposi te  t o  t h a t  produced on t h e  o t h e r  

h a l f  of t h e  path,  and t h e  net r o t a t i o n  would be zero.  I t  is 

u s e f u l ,  however, t o  have an e s t ima te  f o r  t h e  uncompensated Faraday 

r o t a t i o n  on h a l f  t h e  path. The half-path r o t a t i o n  can be d i r e c t l y  

measured us ing  t h e  path geometry (Figure 2B) obtained f o u r  months 

a f t e r  launch. Using t h e  expression f o r  e l e c t r o n  dens i ty ,  Eq. [ 2  I ,  

and f o r  r a d i a l  f i e l d ,  Eq. [291, i n  equat ion 1301 w e  f i nd :  

' P  

9 w i l l  be g r e a t e r  (Figure 1 3 )  than  t h e  angle  through which t h e  2 
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I polarization angle will be rotated by the earth's ionosphere 

when r < 10. 

a maximum estimate since the oppositely direct rotation on the 

other half of the transmission path and the effects of alter- 

To a certain extent the estimate given by (7) A +  is 

I 
I 

~ nately directed radial fields trapped in the solar plasma will, 

on the average, reduce the total rotation. The fluctuations in 
I 

rotation, however, might be expected to be a modest fraction of 
- A $  
2' 

It is therefore hard to say with certainty that a consistent 

rotation or a consistent pulse splitting will be observed in the 

Sunblazer experiment. One can only say that the fluctuating 

character of the Faraday rotation and the extent to which there 

is any consistent pulse splitting will shed some general light 

on the gross nature of the general magnetic field in the corona 

within 10 solar radii. Any appreciable skewness of the field 

will result in an increased longitudinal component along the 

transmission path and a larger average Faraday rotation, Eq. [28]. 

F. Attenuation 

4 

An electromagnetic wave propagating through an isotropic 

plasma will be attenuated by an amount: 

L 
I C =  

c 11 - (f,/f)2 

where v is the effective electron-ion collision frequency and f 

is the plasma frequency [Ginsburg, 19641. The dependence of 
P 

collision frequency on parameters such as electron density, electron 
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and ion  temperatures,  var ious cross s e c t i o n s ,  i s  a complicated 

one, b u t  t o  a good approximation (wi th in  5 percent)  i n  t h e  i n n e r  

corona. 

= 4 2  x NT-3'2 e f f  V 

-3  where N is i n  u n i t s  of meters . 
I n  t h e  case where f > >  f w e  then f ind:  

P 

- -11 N*T- 3/2 
K - 1.13 - 1 0  

f2  

Taking T = 1 0 6 0 K  and f = 108cps, then: 

K 100 m c  = 1 0 2  x 1 0 - 3 6  nepers/meter 1351 

The t o t a l  a t t e n u a t i o n  along a r ay  path through an isothermal  

corona i s  then: 

1" 
v (r) n ( r )  r d r  = 2Ka 

E361 

[371 

where Ka is  a constant .  

i n t e g r a l s ,  t h i s  is a l s o  an Abel i n t e g r a l  which has a unique t r a n s -  

A s  i n  t h e  case of t h e  de lay  and r o t a t i o n  

1 d  r A ( p ) d ( d  
n d r  J - 

a pm K v ( r ) n ( r )  = - - - 

r 
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FIGURE 13. 1 0 0  MC propagation along i n f i n i t e  path 
through extended solar corona (group delay,  a t tenua-  
t i o n ,  and Faraday r o t a t i o n  a s  func t ion  of pa th  offset)  
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so t h a t  a measurement of A ( p )  and t h e  s e p a r a t e  (delay)  determin- 

a t i o n  of n ( r )  would permit  a unique determinat ion of c o l l i s i o n  

frequency . 
Using the  Allen-Baumbach e l e c t r o n  dens i ty  i n  Eq. [ 1 1  and 

assuming an isothermal  corona w i t h  Te = 1060K, w e  f ind :  

O ~ O O s l  dec ibe l s  a t  100 MC 1391 24 0.6 + 

A ( P )  = CT,+ p7 
P P 3  

The a t t e n u a t i o n  f a l l s  o f f  very r a p i d l y  w i t h  path displacement. 

For p = 2 ,  A ( p )  i s  only 0.02 db so t h a t  fo r  t h e  Sunblazer prop- 

aga t ion  experiment w h e r e  p > 3 ,  A ( p )  would i n  all l i ke l ihood  not  

be measurable. 

G. Choice of  Frequency 

The group v e l o c i t y  f o r  a wave packet propagating through 

an ion ized  medium with no magnetic f i e l d  p r e s e n t  [Sp i t ze r ,  19621 

i s  given by: 

2 f 2  (2) = 1 - (+) ~ 4 0 1  

where t h e  plasma frequency f2 = 8 1  - l o 6  n and n i s  t h e  number 

of e l e c t r o n s  pe r  cm3.  

P 

The r e l a t i v e  delay between s i g n a l  propagation on f requencies  

fl and f2 through t h i s  plasma is  then:  
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T = L  C f 
f o r  

o r  

f 2  > f l  

f 1 1 

> 3f 
P 

f l  2 [l - (F)  ] seconds 1.35 . ~ o - ~ N  

f: T =  

1421 

where N = nds i s  t h e  t o t a l  number of e l e c t r o n s  pe r  square 

cent imeter  along t h e  t ransmission path.  
J 

This  simple r e l a t i o n s h i p  between de lay  and i n t e g r a t e d  e l e c t r o n  

On t h e  o t h e r  hand, i f  f l  i s  
P* 

dens i ty  is  v a l i d  so long as f > 3f 

very much g r e a t e r  than f t h e  s e n s i t i v i t y  of t h e  measurement i s  

poor s i n c e  a l a r g e  number of e l e c t r o n s  then  only produce a modest 

delay.  The b e s t  choice seems t o  be t o  make f l  s l i g h t l y  l a r g e r  

than t h e  plasma frequency of t h e  innermost region of  t h e  corona 

through which t h e  t ransmi t ted  ray  i s  t o  pene t ra te .  A t  1.5 solar  

r a d i i  t h e  plasma frequency i s  approximately 40 MC which sugges ts  

a frequency near  100  MC f o r  f l .  

P' 

T h e c b i c e  of t h e  re ference  frequency f 2  i s  n o t  c r i t i c a l  so 

long as it is  s u f f i c i e n t l y  g r e a t e r  than f l  t o  make t h e  q u a n t i t y  

[ l  - (F) ] a s  c l o s e  t o  uni ty  as poss ib l e .  f l  2 

2 

The choice of a 300 MC r e fe rence  carrier g i v e s  a re la t ive 

delay 0.89 percent  of t h a t  achievable with an i n f i n i t e l y  high 
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r e fe rence  and seems a good choice t o  make fo r  reasons of imple- 

mentation. 
I Since t h e  number of Faraday rotat ions a lso v a r i e s  as - [ f l 2 '  

t h e  choice of the  l o w e s t  poss ib l e  frequency f o r  f l  w i l l  enhance 

magnetoionic propagation e f f e c t s  and improve o p p o r t u n i t i e s  t o  

observe g ross  f e a t u r e s  of the solar magnetic f i e l d .  The h a l f -  

width of the  s c i n t i l l a t i o n  spectrum i s  a l s o  p ropor t iona l  t o  t h e  

square of t h e  wavelength, so t h a t  t h e  lower f requencies  provide 

g r e a t e r  s e n s i t i v i t y  f o r  scale-of-turbulence measurements. 

While t h e  choice of t h e  1 0 0  MC probing frequency appears t o  

permit  pene t r a t ion  t o  about 3.5 s o l a r  r a d i i ,  it might also be 

d e s i r a b l e ,  payload weight permi t t ing ,  t o  t r ansmi t  a 4 0  MC s i g n a l  

which would enhance delay,  s c i n t i l l a t i o n ,  and Faraday r o t a t i o n  

e f f e c t s  b u t  would only  permit measurement t o  about s i x  solar  

r a d i i .  

H. Minimum Path Displacement 

The minimum observable  displacement of t h e  t r ansmi t t ed  ray 

f r o m  t h e  photosphere depends on o t h e r  factors as w e l l  as t h e  

magnitude and scale s i z e  of e l e c t r o n  dens i ty  f l u c t u a t i o n s  i n  t h e  

i n n e r  corona, O f  p a r t i c u l a r  importance i s  t h e  d i r e c t i v i t y  of 

t h e  rece iv ing  antenna t h a t  is used t o  observe t h e  t r a n s m i t t e d  

s i g n a l s ,  For example, t h e  d e s i r e  t o  reduce t h e  s o l a r  n o i s e  con- 

t r i b u t i o n  t o  t h e  overall r e c e i v e r  no i se  temperature  makes it 

important  t o  keep t h e  antenna pointed a t  least  a half-beamwidth 

away f r o m  t h e  photosphere. For a f a i r l y  broad beam, q u i t e  l a r g e  
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minimum pene t r a t ion  d is tances  a r e  then  implied. For example, I 
t o  l i m i t  s o l a r  no ise  a 4 O  beamwidth antenna could only be poin ted  

w i t h i n  about 2' of t h e  photosphere, and the  minimum path d is -  

placement would then be 9 s o l a r  r a d i i .  

width is excess ive ly  narrow, then  the  s c a t t e r i n g  produced by 

inhomogeneities i n  t h e  corona w i l l  cause an e f f e c t i v e  a t t e n u a t i o n  

of the  s i g n a l  when t h e  s c i n t i l l a t i o n  spectrum approaches t h e  

antenna beamwidth. 

I 
Conversely, i f  t h e  beam- 

I 

By using t h e  empir ica l  expression f o r  the half-width of 

t he  scattered d i s t r i b u t i o n :  

where 
- 
n = 2  

1.7 n 2 . 5  

K = 50 minutes a t  s o l a r  minimum 

K = 1 0 0  minutes a t  maximum 

x and equat ing  t h i s  t o  the  half-width of t he  antenna beam 

t h e  beam i s  assumed t o  be a f an  beam wi th  i t s  narrow dimension 

where 

gene ra l ly  along a solar  rad ius ,  w e  f ind :  

From t h i s  the  maximum usable a p e r t u r e  is: 

R2 

R 2  

= 34.4  a t  s o l a r  minimum 

= 17.2 - a t  s o l a r  maximum 

Dmax 

x 
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The minimum usable  ape r tu re  is  obta ined  from t h e  c o n s t r a i n t  

t h a t  t h e  antenna cannot be pointed wi th in  a half-beamwidth 

(approximately) of t h e  photosphere without i n c u r r i n g  a solar  

n o i s e  penal ty .  Thus: 

[471 (57.3) (60)  h 
(5) = 15 ( R  - 1) 2 

or  

These t w o  l i m i t i n g  ape r tu re s  d e f i n e  an allowable ope ra t ing  region 

(F igure  1 4 )  and t h e  convergence of t h e  two l i m i t s  de f ines  t h e  

minimum path displacement f o r  which observa t ions  can be made. 

Thus : 

115 R2 (R-l) = 34.4 - A 
or  

3.34h2 = Rkin (Rmin - 1) a t  s o l a r  minimum 

- 1) a t  s o l a r  maximum 6.68X2 = Rmin 2 (Rmin 

Under average condi t ions  f o r  R > 3, t h e s e  reduce t o :  

2/3  1.69A Rmin 

and t h e  corresponding aper ture  i s  then: 

[ 521 

From t h e s e  w e  f i n d  t h e  approximate values  f o r  Rmin and D given 

i n  Table 11. 
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TABLE I1 

f 
- 

h 
- Rmin Dopt 

A A0 = - D 

200 MC 1.5 m 2 .54  s o l a r  r a d i i  1 1 4  m 4 5  min. of arc 

100  3.0 3.52 137 75 

50 6 . 0  5.75 1 4  5 1 4 0  

The da t a  suggest  t h a t  the  b e s t  beamwidth t o  use f o r  close- 

i n  observa t ions  of 1 0 0  MC s igna l s  is  approximately one degree,  

which would allow observat ion of ray pa ths  d i sp l aced  from t h e  

s o l a r  c e n t e r  by 3 - 4 s o l a r  rad i i .  The foregoing c a l c u l a t i o n s  

a r e  based on a very simple model, and a more c a r e f u l  computation 

us ing  t h e  a c t u a l  b r igh tness  d i s t r i b u t i o n s  of the corona f o r  t h e  

p a r t i c u l a r  f requencies  concerned would probably show a s l i g h t l y  

g r e a t e r  r ad ius  of c l o s e s t  approach. 

I. Path Loss Computations 

The r equ i r ed  t r ansmi t t e r  power on t h e  spacec ra f t  may be 

ca l cu la t ed  f r o m  t h e  usual  path-loss equat ions.  The  rece ived  

power PR is  given by: 
I 

P R = P  t G tm ' A  541 

where Pt is  t h e  t r ansmi t t ed  power, Gt i s  t h e  ga in  of t h e  space- 

c r a f t  antenna, R is  the transmission d i s t ance ,  and A is t h e  

e f f e c t i v e  area of t he  receiving antenna. 
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r 

t h e  - B 
For a half-wave antenna on t h e  spacec ra f t ,  Gt - 2' 

= 1.5 A.U. For a c i r c u l a r  paraboloid A = %2 maximum range rmax 

where d i s  t h e  antenna diameter i n  mm. T h e  no i se  power i s  given 

by t h e  familiar k t  A f  where k = 1.38 x 1 0  -23 watts/o K per  cycle.  

The no i se  temperature w i l l  be determined by t h e  g a l a c t i c  back- 

ground a t  t h e  observing frequency. I f  w e  avoid observa t ions  a t  

t h e  t i m e  t h e  earth-sun l i n e  i s  i n  t h e  p l ane  of t h e  galaxy (which 

means December o c c u l t a t i o n s  a r e  excluded) ,  t h e  mean g a l a c t i c  

background a t  1 0 0  MC i s  about  700° K. For our computations we  

assume T = 1 0 3 0  K. 

4 

The received signal- to-noise  ra t io  is then given by: 

or ,  fo r  a c i r c u l a r  ape r tu re ,  

i s  t h e  energy pe r  pu l se  i n  j o u l e s  and D i s  t h e  where J = - A f  
antenna diameter i n  m e t e r s .  Thus, a 10-joule  pu l se  having a 

peak power of one kw and a pulse  width of 1 0  m s  would be received 

on a 30-meter d i s h  wi th  uni ty  s ignal- to-noise  ratio. A 300-meter 

d i s h  (approximately t h e  Arecibo d ish)  would provide a 20 db 

s igna l - to-noise  r a t i o  on one 10-joule pulse .  T h e  large-diameter 

d i s h  is  d e s i r a b l e  both for  t h e  d i r e c t i v i t y  t h a t  permits  observa- 

Pt 

t i o n s  close t o  the  sun and a l s o  for  improved d e t e c t i o n  s e n s i t i v i t y .  
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The 1 4 0  m ape r tu re  shown t o  be optimum f o r  m i n i m u m  path d is -  

placement provides a 13 db dignal-to-noise r a t i o  on a 10-joule  

pu l se  and would seem t o  promise acceptab le  performance on both 

counts.  

J. Modulation 

. 

I t  w a s  i n d i c a t e d  earlier t h a t  pu l se  energ ies  of t h e  o r d e r  of  

1 0  j o u l e s  o r  g r e a t e r  a r e  required,  and f o r  p r a c t i c a l  reasons with 

t h e  s p a c e c r a f t  peak power l imi t ed  t o  about one kw, pu l se  widths 

of t h e  o rde r  of 1 0  m s  r e s u l t .  T h i s  i s  no t  s u f f i c i e n t l y  narrow 

t o  g ive  t h e  t i m e  r e so lu t ion  des i red  f o r  most of  t h e  propagation 

measurements of i n t e r e s t  so t h a t  coding wi th in  t h i s  long pulse  

m u s t  be employed. We have e l e c t e d  t o  use a t r ip ly - fo lded ,  l l - b i t  

Barker code t o  o b t a i n  t h e  necessary compression r a t i o  [Barker, 

19531.  The N-bit Barker code has  t h e  proper ty ,  as shown i n  

Figure 15, t h a t  t h e  peak of i t s  a u t o c o r r e l a t i o n  func t ion  i s  N and 

t h a t  i t s  remaining s i d e  lobes never exceed uni ty .  The ind iv idua l  

pu lses  w i l l  be i d e n t i f i e d  by a phase r e v e r s a l  modulation and w i l l  be 

2 0 ~ s  i n  durat ion.  An l l - b i t  code would t h e n  be 2 2 0 ~ s  long. A 

second encoding ( f o l d )  made up of t h e s e  2 2 0 ~ s  groups o r  t h e i r  

out-of-phase r e p l i c a s  would then g ive  a second code 11 t i m e s  2 2 0 ~ s  

o r  2 .42  m s  i n  durat ion.  Then f i n a l l y  a t h i r d  f o l d  w i l l  g ive  a 

f i n a l  pu l se  width of 26 m s ,  The v i r t u e  of using t h e  t r i p l y - f o l d e d  

Barker code as opposed t o  employing simply 1320 randomly phase- 

reversed pu l ses  i s  t h a t  t h e  folded code permits  some s i m p l i c i t y  

i n  ins t rumenta t ion  and some gradual loss i n  r e s o l u t i o n  i n  t h e  
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presence of ser ious delay d i s t o r t i o n  i n  the i n t e r p l a n e t a r y  medium.  

That  i s ,  i f  t h e  coherent bandwidth of t h e  medium i s  n o t  s u f f i c i e n t  

t o  t r a n s m i t  a 2011s pulse ,  it might s u s t a i n  a 220 m s  pu l se  and t h e  

next  h ighes t  f o l d  might be s a t i s f a c t o r i l y  de t ec t ed ,  and so on. The 

more random codes do n o t  have t h i s  f e a t u r e .  When t h e  elementary 

pu l ses  can no longer  be  resolved, t h e  code i n  gene ra l  f a i l s .  I n  

t r a n s m i t t i n g  through an unknown medium as w e  are, t h e  g r a c e f u l  

dea th  f e a t u r e  of t h e  Barker code s e e m s  a very d e s i r a b l e  one. 
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